The angular and energy distributions of neutrons produced by 400 MeV/nucleon Ar, Fe, and Xe, and 800 MeV/nucleon Si ions stopping in thick C, Al, Cu, and Pb targets were measured using the Heavy-Ion Medical Accelerator in Chiba of the National Institute of Radiological Science ͑NIRS͒, Japan. The neutron spectra in the forward direction have broad peaks which are located at about 60 to 70 % of the incident particle energy per nucleon due to breakup and knock-on processes, and spread up to almost twice as much as the projectile energy per nucleon. The resultant spectra were integrated over energy to produce neutron angular distributions. The total neutron yields for each system were obtained by integrating over the angular distributions, and we could estimate the total yields using a simple formula. The experimental results are compared with the calculations using the heavy-ion collision Monte Carlo code, and the calculated results rather agree with the measured results. The phenomenological hybrid analysis, based on the moving source model and the Gaussian fitting of the breakup and knock-on processes, could also well represent the measured thick target neutron spectra.
I. INTRODUCTION
Recently, high-energy heavy ions have been used in various fields of nuclear physics, material physics, and medical application. At the National Institute of Radiological Sciences ͑NIRS͒ in Japan, the Heavy Ion Medical Accelerator in Chiba ͑HIMAC͒ has been used for heavy ion cancer therapy, and Gesellschalt für Schwer Ionen ͑GSI͒ in Germany has started a similar therapy, and a few heavy ion accelerator facilities have started or have planned to build for therapy. Several institutes worldwide have started or have planned to build a radioactive isotope beam facility for investigating exotic nuclei, nuclear synthesis, and so on.
To design these facilities, the radiation shielding is essentially important to protect workers and nearby inhabitants from penetrating neutrons produced by high-energy heavy ions. Data on the energy-angular distribution of secondary neutrons from a thick target, which fully stops heavy ions, called the thick target neutron yield ͑TTY͒, are indispensable to estimate source terms of the accelerator shielding design ͓1͔. Data are useful also to calculate the dose delivered inside the patient by secondary neutron interaction during heavy ion irradiation. These measurements were also required to provide some insight into the nature of the neutron spectra produced by interactions of high-energy heavy ions ͑Zу3, referred to as HZE͒ present in galactic cosmic rays ͑GCR͒ with shielding materials used to protect humans engaged in long-term missions outside the geomagnetosphere. Because there are essentially no free neutrons in primary GCR, the only significant source of neutrons is from interactions of the primary GCR with shielding materials.
For heavy ions with energy higher than 100 MeV/ nucleon, there has been a few experimental works on TTY, for 177.5 and 160 MeV/nucleon. He stopping in various targets ͓2͔, 155 MeV/nucleon He and C ions in Al ͓3͔ and 435 MeV/nucleon Nb in Nb, 272 MeV/nucleon in Nb and Al ͓4͔.
Under these circumstances, we have performed a systematic study to measure the double differential neutron yields from thick targets of C, Al, Cu, and Pb bombarded by various heavy ions having energies of 100 to 800 MeV/nucleon using HIMAC. The measured results have already been reported ͓5-7͔ for 100 and 180 MeV/nucleon helium, 100, 180, and 400 MeV/nucleon carbon ions, and 100, 180, and 400 MeV/nucleon neon. The measured spectra are compared with those calculated with the heavy-ion collision Monte Carlo code HIC ͓8͔ based on an intranuclear cascade and evaporation model. These are also analyzed with a phenomenological hybrid analysis of a moving source model ͓9͔.
As a succeeding study, we present here the angular and energy distributions of neutrons produced from thick C, Al, Cu, and Pb targets bombarded by heavier projectiles of 400 MeV/nucleon Ar, Fe, Xe ions and 800 MeV/nucleon Si ions to pursue the systematic analysis of neutron production from heavy ions. The experiments were carried out using HIMAC. These TTY data for heavier ions, especially for iron ions that are a significant component of GCR, are strongly needed for space activity. produced in the target was measured by the time of flight ͑TOF͒ method. A beam extracted from the synchrotron has a time pulse width of 0.5 s at every 3.3-s time interval, and each pulse has a microtime structure of 5 MHz. A thin NE102A plastic scintillator ͑30-nm diameter by 0.5-mm thick͒ was placed just behind the end window ͑made of 0.1-mm thick Al͒ of the beamline as a beam pickup scintillator. The output pulses of this scintillator were used as start signals for the TOF measurement. These output pulses were also used to count the absolute number of projectiles incident to the target. To avoid the counting loss due to the voltage drop of the photomultiplier, which was induced by high beam current, the voltages of the last three dynodes were externally supplied by a constant voltage power supply, and the beam intensities were maintained at 1ϫ10 5 -1ϫ10 6 particles per pulse. A target was set on the beamline 10 cm behind the beam pickup scintillator. The beam spot size incident to the target was ϳ1.5 cm in diameter, and the beam height was 1.25 m above the concrete floor of the experimental area. The NE213 liquid scintillator ͑12.7-cm diameter by 12.7-cm thick͒ was used for the neutron detector ͑E counter͒. The NE102A plastic scintillator ͑15ϫ15-cm square by 0.5-cm thick͒ was placed in front of the E counter as the ⌬E counter to discriminate charged particles from noncharged particles, neutrons, and photons. The detection angles are 0°, 7.5°, 15°, 30°, 60°, and 90°. The three sets of ⌬E-E counters were located 2 m ͑at 60°and 90°͒, 3 m ͑at 15°and 30°͒, and 5 m͑at 0°and 7.5°͒ away from the target to provide better energy resolutions in the forward directions where there are larger yields of high-energy neutrons. To minimize neutron scattering, no local shielding was used near the detectors. By interposing a Fe shadow bar ͑15ϫ15 cm square by 60-cm thick͒ between the target and detector, the background neutron components from room scattering were measured. The data acquisition electronics is the same as given in Refs. ͓5-7͔.
B. Target dimensions
The incident energies of heavy ions and the target materials with their thicknesses are given in Table I . Target materials are C ͑1.77 g/cm 3 ͒, Al ͑2.7 g/cm 3 ͒, Cu ͑8.93 g/cm 3 ͒, and Pb ͑11.34 g/cm 3 ͒ for covering the wide range of target atomic number and mass; each target has a shape of 10ϫ10 cm square, and its thickness was determined to stop the incident particles completely. When the measurements were carried out at large angles, the target was set at 45°to the beamline to minimize the attenuation effect of neutrons through the target.
III. DATA ANALYSIS

A. Conversion to energy spectra
To eliminate charged particles, we used two-dimensional ⌬E-E graphical plots. As the ⌬E counter does not scintillate by neutrons and ␥ rays, the neutron and ␥-ray events could be selected from the charged particle events. After this discrimination, the neutron and ␥-ray events were separated by using two-dimensional total-slow pulse height graphical plots. By using this plot, we could clearly separate the components of neutrons and ␥ rays. After the experimental run, each E counter was calibrated with a 60 Co ␥-ray source, and the Compton edge in the ␥-ray spectrum was used as the bias point ͑1.15 MeV͒. By this low-bias setting, low-energy neutrons could be measured down to about 3 MeV which is much lower than about 20 MeV of other two experiments by Cecil et al. ͓2͔ and Heilbronn et al. ͓3, 4͔ . After obtaining the TOF spectrum of neutrons, it was converted into the energy spectrum of neutrons. For this conversion, the detection efficiency is essential. The experimental data of the detection efficiency for this scintillator has been published by Nakao et al., but there are no data for neutrons of energy higher than 135 MeV ͓10͔. Therefore, the neutron detection efficiencies were calculated with the Monte Carlo code by Cecil et al. ͓11͔ for all energy ranges.
B. Energy resolution
For measurements of neutron energies by the TOF method, the relative energy resolution is given by the following expression:
Here, E is the neutron kinetic energy, M the neutron rest mass, ⌬t the overall time resolution, and t the neutron flight time. The sources contributing to ⌬t are ͑1͒ the intrinsic time resolution of neutron detectors, ͑2͒ the intrinsic time resolution of the beam pickup scintillator, ͑3͒ the time spread in the production of neutrons arising from the finite target thickness, ͑4͒ the time dispersion arising from the incident beam energy spread, and ͑5͒ the time spread resulting from the finite thickness of the neutron detectors. These five time uncertainty components are not all normally distributed and must be numerically estimated. The uncertainties ͑3͒ and ͑4͒ are negligible for this experiment. Thus, we approximated ⌬t as
where ⌬ is the combined time dispersion of the neutron detector and the beam pickup scintillator, ⌬x the effective 
thickness of the neutron detector ͑6.35 cm͒, and v the velocity of the neutron. The assumption in Eq. ͑3͒, that the time spread resulting from the detector thickness is a Gaussian distribution with a full-width at half-maximum ͑FWHM͒ equal to ⌬x, overestimates the actual ⌬t. The combined time dispersion ⌬ is taken as the FWHM of the prompt ␥-ray peak observed in each neutron TOF spectrum, and the observed width of the prompt peak in the time spectra is 0.92 ns. The energy resolutions of measured neutron spectra are at maximum about 20% for about 2000 MeV neutrons of highest energy at 0°and 7.5°, about 20% for about 1000 MeV neutrons of highest energy at 15°and 30°, and about 40% for about 600 MeV neutrons of highest energy at 60°a nd 90°, which were produced by 800 MeV/nucleon Si ions.
C. Uncertainties and corrections
The experimental uncertainties are divided into statistical uncertainties and normalization uncertainties. The statistical uncertainties vary in a range of 2 to 5 % for the low-to medium-energy ͑5-400 MeV͒ region of the spectra and increase to about 30% at the highest energies. In order to determine room-scattered backgrounds, two repeated measurements at the same angles were made with and without the shadow bar shields as described before. From the difference of these two spectra, the background components were found to be less than 1%. This fraction of background components was also confirmed from the neutron TOF spectra that included the time-independent uniform TOF components corresponding to background components. The normalization uncertainty in the beam normalization resulting from the pulse pile-up of the beam pickup scintillator was investigated by the pulse height data of the scintillator: The events that two or more beam particles came to the target at the same time were rejected using this pulse height data. The resultant uncertainty in the number of accepted beam particles incident on the target is estimated to be less than 3%. The un-FIG. 1. Neutron-energy spectra from the 400 MeV/nucleon ArϩC, Al, Cu, and Pb system at 0°to 90°. The data are shown by the symbols indicated in the plot. The solid lines are from the calculation by HIC, and the dashed lines come from a fit to the data using Eq. ͑11͒. certainty in the solid angle is dominated by the uncertainty in the flight path length of a neutron detected in the 12.7-cm diameter by 12.7-cm long neutron counter and the position of production of a neutron in the thick target. The resulting uncertainty in the solid angle for the carbon target at 800 MeV/nucleon Si ion incidence, which has the maximum uncertainty, is less than 10%. The uncertainty in the calculated detection efficiencies is estimated by Nakao et al. to be about 10% from the comparison with several measurements of neutron detector efficiencies ͓10͔. The total normalization uncertainty is then 15%.
IV. EXPERIMENTAL RESULTS
A. Double differential neutron spectra
Measured neutron spectra for C, Al, Cu, and Pb targets bombarded by 400 MeV/nucleon Ar, Fe, and Xe, and 800
MeV/nucleon Si projectiles are shown in Figs. 1-4 , respectively. The lower limits of the neutron spectra are about 3 MeV for backward angle and about 10 MeV for forward angle in this study and this level is much lower than those given by Cecil et al. ͓2͔ ͑20 MeV͒, and Heilbronn et al. ͓3 ,4͔ ͑18 MeV͒ as described before. For all projectile and target combinations, the spectral shape at each angle is generally similar to each other and they indicate the following general tendencies similarly as in our preceding studies ͓5-7͔.
͑1͒ These experimental spectra in the forward direction have a broad peak at the high-energy end. The peak energy of these bumps is about 60 to 70 % of the projectile energy per nucleon, and this peak becomes more prominent for lighter targets and for larger projectile mass. This indicates that these high energy neutron components are produced in the forward direction by the knock-on and breakup processes and the momentum transfer from projectile to target nuclei FIG. 2. Neutron-energy spectra from the 400 MeV/nucleon FeϩC, Al, Cu, and Pb system at 0°to 90°. The data are shown by the symbols indicated in the plot. The solid lines are from the calculation by HIC, and the dashed lines come from a fit to the data using Eq. ͑11͒.
are higher for lighter nucleus than for heavier nucleus.
͑2͒ The neutron spectra have two components: One below about 10 MeV corresponds to neutrons produced isotropically in the center-of-mass system mainly by the equilibrium process; the other above 10 MeV corresponds to those produced by the preequilibrium process. Since the neutron emission by the preequilibrium process has forwardness in the angular distribution, the neutron spectra become softer at large emission angles, where the equilibrium process is prominent.
͑3͒ The high-energy neutrons in the forward direction spread up to the energy that is about 2.5 times higher than the incident particle energy per nucleon, i.e., about 1000 MeV for 400 MeV/nucleon and 2000 MeV for 800 MeV/ nucleon ions. The following rough assumption will give an explanation of this high-energy neutron production. The projectile nuclei are highly excited through the direct collision with some nucleons moving in the target nucleus to produce the projectilelike fragments. The high energy neutrons are produced from the thus-excited projectilelike fragments. But the production process of these high-energy neutrons could not be exactly explained in this study, because these experimental data are thick target neutron yield including all reaction processes from high to low projectile energies. Thin target experiments will therefore be strongly needed for explication of this process. Figure 5 shows the neutron yields integrated above 5 MeV for each emission angle. The angular distribution has stronger forwardness with increasing the projectile mass in the direction of 0°to 15°where the knock-on and breakup processes of neutron emission is dominant, but at angles beyond 15°the angular distribution owns almost the same slope independently to the projectile mass. The forwardness FIG. 3 . Neutron-energy spectra from the 400 MeV/nucleon XeϩC, Al, Cu, and Pb system at 0°to 90°. The data are shown by the symbols indicated in the plot. The solid lines are from the calculation by HIC, and the dashed lines come from a fit to the data using Eq. ͑11͒.
B. Angular distribution
of the angular distribution becomes stronger for lighter target nuclei due to a smaller fraction of equilibrium neutron emission.
Heilbronn et al. ͓4͔ reported that the angular distribution of neutron yields above 20 MeV can be fitted by two exponentials of the form yϭa 1 exp͑Ϫa 2 ͒ϩa 3 exp͑Ϫa 4 ͒, ͑4͒
where a 1 , a 2 , a 3 , and a 4 are fit parameters and y is the number of neutrons per sr. Qualitatively, the two exponentials represent the separate contributions to the angular distributions from projectilelike neutrons and neutrons from the decay of overlap region. We also used this formula to analyze our angular distribution data. Table II shows the fit parameters for all systems where the angle q is expressed in degrees. The contribution from forward-focused neutrons ͓a 1 exp(Ϫa 2 )͔ shows a rapid decrease with the laboratory angle. The value of a 1 increases with the product of neutron number of projectile and range of each target, and decreases with the square of mass number of target. The slope parameter a 2 is almost the same at each projectile and decreases with target mass. It is assumed that the forward-focused neutrons come primarily from the knock-on collision and the breakup of projectile remnant. The slope parameter a 4 of decay components ͓a 3 exp(Ϫa 4 )͔ increases with total kinetic energy of projectile. It means that the decay components come primarily from the equilibrium and preequilibrium processes with a moving frame, because the excited energy of the residual nucleus depends on total kinetic energy in spite of projectile energy per nucleon. The value of a 3 increases with the projectile energy per nucleon and decreases with the target mass.
C. Total yield
The total neutron yields above 5 MeV were integrated over a hemisphere from 0°to 90°, and are shown in Fig. 6 . In order to investigate the dependence of the total neutron yields to incident particle mass and energy, Fig. 6 also includes our previous data for He, C ͓5͔, and Ne ͓6͔ ions. The total neutron yields become slightly larger with increase of the target mass, but their dependence on the target mass is very small compared with the difference of neutron numbers of the target, because the difference of neutron yields at small and large angles shown in Fig. 5 was canceled out by integration. The neutron yields, however, clearly increase with the projectile mass, so we introduced the following normalization factor of the total yields:
where A p and A t are the mass numbers of projectile and target, N p is the neutron number of projectile, and Z p is the atomic number of projectile. The square part (A p 1/3
ϩA t 1/3 ) 2 , represents the geometrical cross section G , and when G is multiplied by the neutron number of projectile N p , it represents the projectilelike neutron production cross section. The last part, A p /Z p 2 , represents the range of projectiles, because a heavy ion range having the same velocity is directly proportional to its mass number and inversely proportional to the square of atomic number. This formula roughly represents the projectilelike neutron yields from a thick target.
The total yields normalized with the value are shown in Fig. 7 for each target. Some fluctuations can be seen, but these results are almost proportional to the square of incident FIG. 4 . Neutron-energy spectra from the 800 MeV/nucleon SiϩC, Al, Cu, and Pb system at 0°to 90°. The data are shown by the symbols indicated in the plot. The solid lines are from the calculation by HIC, and the dashed lines come from a fit to the data using Eq. ͑11͒.
particle energy per nucleon drawn as solid lines. This tendency is very similar to the summarized results of the neutron production by incident protons of energies up to 500 MeV ͓1,15͔.
We could finally estimate the total neutron yields above 5 MeV integrated over a hemisphere from 0°to 90°as the following formula:
where N T is the neutron number of target and E P is the incident particle energy per nucleon ͑MeV/nucleon͒. The calculated results using Eq. ͑6͒ are also plotted in Fig. 7 and give good agreement with the experimental results of all targets.
V. COMPARISON WITH CALCULATIONS USING HIC CODE
These experimental results were compared with calculations as in our preceding study ͓5-7͔. The neutron spectra were calculated by using the heavy ion code HIC. The HIC code is a Monte Carlo code that calculates continuum state transitions between a projectile and a target in heavy ion reactions mainly at energies above 50 MeV/nucleon. The assumption in the model is that the reaction can be represented by the interaction of two Fermi gas nucleons that pass through each other. In this code, the intranuclear-cascade and evaporation model is used. As the HIC code only gives the double differential neutron production cross section, so called thin target yield, the calculations were performed for a FIG. 5 . Angular distributions of neutron yields integrated above 5 MeV for ͑a͒ 400 MeV/nucleon Ar, ͑b͒ 400 MeV/nucleon Fe, ͑c͒ 400 MeV/nucleon Xe, and ͑d͒ 800 MeV/nucleon Si. series of thin target yield calculations. The calculated results were then summed to obtain the neutron yields from heavy ions stopping in a thick target, considering the projectile continuous energy loss and the projectile number attenuation in the target, as follows:
where m is double-differential neutron production cross section calculated by HIC, N is the atomic density of the target, P m is number of beam particles in the target ( P 0 ϭ1.0), its stopping power is calculated by the SPAR code ͓12͔, m is total reaction cross section given as an experimental formula by Shen et al. ͓13͔, and dxm is thickness of the thin target divided. In Eq. ͑7͒, the neutron production from the extranuclear cascade is still neglected, and this approximation can hold in relatively lower-energy regions. The calculated spectra are also shown in Figs. 1-4 together with the experimental results. The HIC calculation has some statistical errors, especially in a high-energy region coming from the limited history numbers. For heavy targets of copper and lead, the calculated results give good agreement with the measured results in the shapes and the absolute values, especially at large angles, except for 800 MeV/ nucleon Si projectile. But for lighter target such as carbon, the calculated spectra in the forward direction give more underestimated results than for heavier target. These discrepancies may come from the fact that the HIC calculation which does not include the effects of either the nuclear potential or the viscosity of nuclear matter fails to express the breakup process, and the superposition of thin target yields does not well give the thick target yields, since the extranuclear cascade reactions are neglected in this superposition. This dis- FIG. 6 . The total neutron yields above 5 MeV integrated for hemisphere from 0°to 90°. agreement becomes larger for heavier and higher energy projectiles such as 400 MeV/nucleon Xe and 800 MeV/nucleon Si.
VI. PHENOMENOLOGICAL HYBRID ANALYSIS WITH MOVING SOURCE MODEL
The measured differential thick target yields were analyzed phenomenologically by the moving source model. This model was originally developed to evaluate differential cross sections of particle production by light ions, that is thin target yield, and here we applied it to estimate the TTY induced by heavy ions according to Shin et al. ͓14͔ . The neutron spectrum emitted at the direction is given by
where M i is source intensity, i is nuclear temperature, and i is source-moving energy in terms of the nucleon kinetic energy.
The first and second components of Eq. ͑9͒ correspond to the equilibrium and preequilibrium neutron emissions. This formula may well express the experimental spectra in lowenergy regions but does not include the cascade process with impulsive direct collisions, that is, quasifree elastic scattering of the target and projectile nucleons that appear in a highenergy region. We estimated that neutrons of this component have a Gaussian distribution, and Eq. ͑9͒ was revised by adding the quasifree term as the following formula: FIG. 7 . The normalized total neutron yield using Eq. ͑5͒. The normalized data are shown by the symbols indicated in the plot. The solid lines are from the calculation using Eq. ͑6͒.
where E c () and c () are the parameters that depend upon an emitted angle .
The results of the phenomenological hybrid analysis using Eq. ͑11͒ are also shown in Figs. 1-4 together with the experimental results. By selecting the adequate parameters in Eq. ͑11͒ as shown in Tables II and III , the neutron spectra are well reproduced. The experimental spectra at small angles of 0°and 7.5°indicate a strongly forward emission of neutrons produced by the breakup process. A broad high-energy peak at small angles can be well fitted to a Gaussian distribution of the first term of Eq. ͑11͒. The number of neutrons produced by the breakup process rapidly decrease with increasing the emission angle and decreasing the projectile energy, so we estimated that M 0 at 90°is zero. The M 0 values increase with the atomic number of projectile and the incident particle energy, but decrease rapidly with the emission angle. E c that represents the central energy of broad peak of neutron spectra also decrease with rapidly with the emission angle, and we found that c has a correlation with E c . The yields produced by the equilibrium and preequilibrium processes, which are fitted to the second and third terms of Eq. ͑11͒ increase with the atomic mass of the target and the incident particle energy. In Table III , the nuclear temperature of equilibrium state 1 keeps almost constant as 3 to 4 MeV with the projectile energy and slightly increases with the target and projectile masses. The tendency of nuclear temperature of equilibrium state 2 ͑20 to 30 MeV͒ is almost the same as that of 1 . But only for 400 MeV/nucleon Fe ions on Cu and Pb targets, 1 and 2 values are much higher than other systems. The further investigation of the systematic study on these fitting parameter is now underway.
VII. CONCLUSION
We measured angular and energy distributions of neutrons produced by 400 MeV/nucleon Ar, Fe, and Xe and 800 MeV/nucleon Si ions stopping in carbon, aluminum, copper, and lead targets. The neutron spectra in the forward direction have a broad peak which is located about 60 to 70 % of the incident particle energy per nucleon due to breakup and knock-on processes and spread up to almost twice as much as the projectile energy per nucleon. We could indicate that the total neutron yields depend on geometric cross section, neutron number, and range of projectiles. The experimental results were compared with the calculations using the HIC code, and the calculated results generally agree with the mea- sured spectra at large angles and for heavier nuclei of projectiles. The phenomenological hybrid analysis based on the moving source model and the Gaussian fitting of the breakup process could well represent the measured thick target neutron spectra. The theoretical description of particle emission from stopping heavy ions is probably not the best testing ground for models of heavy ion reaction mechanisms and it probably will require tests of these models with data from thin targets. But these analyses on thick target yields which could simply be well parametrized in this study are practically important for the design of shielding for heavy-ion beams at accelerator facilities and for space radiation effects.
